When a polypeptide containing y-carboxyglutamic acid is decarboxylated in 2H20, residue of (yy-2H2)glutamic acid are formed. Subsequent proteolytic digestion produces peptides which contain at each site 2H2-substituted and unsubstituted glutamic acid in the same ratio as existed for y-carboxy-substitution. The peptides may be identified and this ratio determined by combined gas chromatography-mass spectrometry. We also discuss decarboxylation in 3H20 followed by amino-acid analysis and Edman degradation.
Several proteins, particularly some of those involved in the blood-clotting mechanism, undergo a post-translational modification, dependent on vitamin K, whereby a second carboxyl group is introduced at the y-carbon of the side chain of certain of their glutamic residues (e.g. Esmon et al., 1975) . The product of the modification, y-carboxyglutamic acid, is a key structural and functional element, so when studying such proteins it is important to be able to determine the extent of y-carboxylation at each and every site. Anticoagulants such as Warfarin exert their effect by suppressing, either generally or selectively, this y-carboxylation (Esnouf & Prowse, 1977) . Aminoacid-sequence determination is hampered by the ease with which y-carboxyglutamic residues decarboxylate back to glutamic acid.
Mass spectrometry has been applied to such proteins: fractional evaporation of the products obtained after acetylation and permethylation served to establish the presence of y-carboxyglutamic acid in ten positions in the N-terminal region of bovine prothrombin (Morris et al., 1976) and in twelve positions in clotting-factors X1 and X2 (Th0gersen et al., 1978) . As a result of the chemical nature of y-carboxyglutamic acid, a multiplicity of derivatives is formed during this procedure, so use of the method for quantitative estimates of the proportion of modified and unmodified residues would be difficult. The production of a more stable derivative by reduction of y-carboxyglutamic acid to 5,5'-Abbreviation used: g.l.c.-m.s., gas-liquid chromatography coupled to mass-spectrometry. dihydroxyleucine has been proposed (Zytkovicz & Nelsestuen, 1975) but so far the method seems only to have been used prior to total hydrolysis and amino acid analysis (Howard & Nelsestuen, 1975) .
As a general sequencing method, g.l.c.-m.s. offers advantages of speed and redundancy of information (Priddle et al., 1976a (Priddle et al., ,b, 1978 . Since identification is by mass spectrometry, the method is particularly well suited to the study of material containing stable isotope substitutions , and it seemed to us (Rose, 1979) to be applicable to the estimation of the degree of y-carboxylation of glutamic residues while at the same time determining the sequence around the site in question.
Rather than being a hindrance, the tendency of y-carboxyglutamic acid to decarboxylate is turned to advantage. The stages of the procedure are as follows: (1) or other residues (by exchange with protons attached to oxygen or nitrogen atoms) either exchange back during later handling in H20 or are replaced by -CH3 when the peptide is permethylated (see below). (3) The ratio of 2H2-substituted glutamic acid to the unsubstituted form is then determined at each site in the course of the g.l.c.-m.s. analysis of the sequence. The peptide is trifluoroacetylated and permethylated for this purpose. The ratio of intensities in the doublets of ions that are produced should reflect the original extent of y-carboxylation. Since two 21H atoms are incorporated, the masses of the ions with deuterium would differ by two mass units from those with hydrogen; this probably renders unnecessary a correction for the natural abundance of '3C.
In addition to the likely advantages of the mass spectrometric analysis itself, we believe the fact that the decarboxylation comes first in the procedure to be a substantial benefit. Without this step the pattern of proteolytic cleavage of a given sequence into fragments would depend on whether the y-carboxyl group was present or not, as would the separation behaviour and recoveries of the individual peptides formed. By contrast, the effect of 2H2-substitution should be much less marked.
The above scheme has been evaluated by work with peptide C from bovine prothrombin. This peptide comprises residues 1-35 of the protein, and all the glutamic residues are thought to be fully y-carboxylated (Morris et al., 1976) .
Decarboxylation in the presence of 3H20 has been used, followed by total hydrolysis and scintillation counting of the effluent from an amino acid analyser, as a measure of content of y-carboxyglutamic acid (Hauschka, 1979 (Morris et al., 1976) . Peptide C (21.8mg) was dissolved in 1.5 ml of 2H20 and acidified to an apparent pH of 2 (indicator paper pH 1-4 range, Whatman, Maidstone, Kent, U.K.) with S,ul of concentrated HCI. The protein was precipitated, but redissolved during the decarboxylation step, which was carried out by heating at 950C for 6h. After cooling, the tube was opened and the solvent was evaporated under reduced pressure.
The sample was dissolved in 1 ml of a buffer made from 155mg of boric acid in 10ml of 8M-urea (freshly de-ionized on an Amberlite MB-3 column) containing dithiothreitol (29 mg/ml) and adjusted to pH 8.6 with 5 M-NaOH. Aziridine (20,u1) was added and the pH was maintained at about 8.6 by manual addition of 1 M-HCI. After 15min, a further 20,1 of aziridine was added and the pH was maintained at 8.6 for 1 h. The sample was then diluted with 1 ml of aq. 50% (v/v) acetic acid and applied to a column of Sephadex G-50 (45 cm x 1.9 cm dia.) eluted with 1% acetic acid. Peptide-containing fractions were detected by their A260, pooled, and freeze-dried. The decarboxylated, S-aminoethylated peptide C was dissolved in 0.2 ml of H20, and 0.2 ml of triethylamine, 0.4 ml of ethanol and 0.4 ml of pentane-2,4-dione were added, in that order, with mixing. The tube was sealed and heated at 950C for 4h. After cooling, 2 ml of 98% formic acid was added to the reaction mixture and the solution was applied to a Sephadex G-50 column (92cm x 2.65cm dia.) eluted with aq. 50% (v/v) acetic acid. The elution of the peptide was conveniently monitored at 3 10nm, the approximate absorption maximum of dimethylpyrimidylornithine residues (Vetter-Diechtl et al., 1968). The corresponding fractions were pooled, rotary-evaporated to below 5 ml, diluted with water, and freeze-dried. The recovery of peptide was 14.5 mg. Separate samples (1.5-2 mg) of this material were digested in 0.5 ml of 1% NH4HCO3 solution with subtilisin [enzyme/ substrate ratio 1:100 (w/w) for '4h at 370C], elastase [enzyme/substrate ratio 1:4 (w/w) for 4h at 370C1, or Pronase [enzyme/substrate ratio 1: 100 (w/w) for 2.5 h at 370C], then freeze-dried.
The freeze-dried samples were N-trifluoroacetylated in dimethylsulphoxide solution Rose, 1979 ) using for each sample 0.5 ml of dimethylsulphoxide/ triethylamine / S -ethyltrifluorothioacetate (50:1:1, by vol.). After 1 h at room temperature, the reagents, but not the solvent, were pumped away in a vacuum desiccator containing NaOH and H2SO4. Permethylation was carried out by addition of 100l1 of 2M-dimethylsulphinyl sodium immediately followed by 30,1 of methyl iodide. After 60 s, the reaction mixture was quenched with 1 ml of H20 and the product was extracted into 1 ml of CHC13. After washing twice with i ml portions of H20 the organic solvent was evaporated under reduced pressure. The product, a pale yellow oil, was taken up. in 10,u1 of CHC13 and 2,u1 was analysed by g.l.c.-m.s. in the manner previously described (Priddle et al., 1976b) OVI on WHP 100-120 mesh (Chrompack U.K., London SW16, U.K.), 15ml/min He (5ml/min eluent to mass spectrometer source, via a T splitter), initial column temperature 1500C, raised at 4°C/min from the appearance of the solvent front in the spectrometer until termination of the run; the injection zone was held at 3000C.
Result and Discussion Fig. 1 shows the peptides identified by g.l.c.-m.s., aligned under the known sequence (Morris et al., 1976) of peptide C. Taking the three digests together, each of the 10 y-carboxyglutamic residues is found [as (2H2)glutamic acid] in at least one peptide of unique sequence. We can thus screen rapidly and unequivocally samples of peptide C that may be partly carboxylated at certain sites.
In order to obtain a sample of a polypeptide with a known degree of substitution at a series of sites, 1.85mg of native peptide C was decarboxylated in 2H20 as above, and mixed with 0.925 mg of peptide C that has been decarboxylated in 'H20, to provide decarboxylated peptide C with (yy-2H2)glutamic acid and glutamic acid in the ratio 2: 1 at each of the 10 positions. The mixture was digested with subtilisin [enzyme/substrate ratio 1:25 (w/w) for 2h at 370C], N-trifluoroacetylated, permethylated and analysed by g.l.c.-m.s. as before. As hoped for, spectra of peptides that contained substituted glutamic acid showed a characteristic pattern, with an isotope ratio of very nearly 2: 1. Fig. 2 [Hauschka (1979) Fig. 2 . Mass spectrum showing the sequences (2H2)Glu-Ala-Leu and Glu-Ala-Leu in a ratio ofabout 2:1 In this Figure, the usual three-letter code is used to denote the N,O-permethylated residues. This spectrum was stored as scan no. 198 of the g.l.c.-m.s. run (see text). The sequence deduced is a unique segment of the sequence of peptide C (Fig; 1) , being residues 30-32. The presence of a strong signal at mle 58, which corresponds to [CH3-NH=CH-CH3], indicates that alanine is present in a position other than at the N-terminus (Rose, 1979) . Signals at mle 166 and 194 , seen here as doublets, are considered to be due to loss of HCOOCH3 (60a.m.u.) and of HCOOCH3+CO (88a.m.u.), respectively, from the N-terminal sequence ion (mle 256 for the 2H2-containing material). Corresponding signals are present in mass spectra of all the N-terminal glutamyl peptides examined so far (K. Rose, 
